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Purpose: DNA methylation plays major regulatory roles in gene transcription. Our previous

studies confirmed that Ki-67 promoter is hypomethylated and Sp1 is a transcriptional

activator of Ki-67 gene in cancer cells. However, whether Sp1-mediated transcriptional

activation of Ki-67 is related to its methylation has not been studied yet.

Materials and methods: In this study, we confirmed that methylated CpG binding protein

2 (MBD2) binding to methylated DNA hindered the binding of Sp1 to Ki-67 promoter and

then repressed Ki-67 transcription through chromatin immunoprecipitation (ChIP) and quan-

titative real-time PCR (qRT-PCR). Co-immunoprecipitation (Co-IP), ChIP, methylation-

specific PCR (MS-PCR) and Western blot were utilized to analyze the effects of Sp1 binding

to Ki-67 promoter on its methylation status.

Results: Less DNA methyltransferase 1 (DNMT1) bound to the Ki-67 promoter in MKN45

cells than in HK-2 cells. Histone acetyltransferase p300 that was recruited by Sp1 to Ki-67

promoter could attenuate the methylation level of Ki-67 promoter. Furthermore, higher

expression of Sp1 and Ki-67 was related to the overall survival (OS), first progression

(FP) and post-progression survival (PPS) in gastric cancer by scrutinizing bioinformatics

datasets.

Conclusion: Taken together, our findings suggested that hypomethylation of Ki-67

promoter enhanced the binding of Sp1, which in turn maintained hypomethylation of

promoter, leading to increase Ki-67 expression in cancer cells. Sp1 and Ki-67 could act

promising prognostic biomarkers for clinical diagnosis and treatment of cancer.
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Introduction
DNA methylation generally occurs in the CpG islands of the gene promoter region.

Under the effects of DNA methyltransferase (DNMT), the cytosine 5ʹ carbon of

genomic CpG dinucleotide covalently binds to a methyl group, during which process

nucleotide sequence is unaltered while gene expression is affected.1–5 Covalent

binding of specific transcription factor to target promoter initiates transcriptional

regulation, thereby inhibiting or enhancing the gene expression.6–8 DNAmethylation

primarily regulates gene expression by a negative regulation way.5,9–11 On the one

hand, DNAmethylation changes the binding position of transcription factors, directly

interfering with gene transcription. On the other hand, the binding of methylated

CpG-binding proteins (MBDs) to methylated DNA hinders the binding of transcrip-

tion factors to the promoter, and simultaneously recruits other transcriptional repres-

sion complexes that cause chromatin remodeling, leading to gene silencing. On the

contrary, hypomethylated DNA facilitates the binding by transcription factors and
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promotes gene transcriptional activation.10,12–15 DNMT1 is

the important protein of maintenance DNA methylation,16

and Sp1 binding to target gene promoter prevents the bind-

ing of DNMT1 to promoter region, thereby protecting the

CpG islands from being methylated.17,18 Other researchers

reported that Sp1 could recruit histone acetyltransferase

p300, which triggers acetylation of histones in the promoter

region, thereby inducing DNA demethylation.19–21

Ki-67 (also MKI67 and TSG126) is a DNA-binding

nuclear protein exclusively expressed throughout the

cell cycle in proliferating cells, but not in quiescent

cells.22,23 It is considered as an important marker to

distinguish the proliferation status of a given cell

population.24,25 Sp1 is a transcription factor which has

been found to exist in all mammalian cell types.26,27

Our previous studies reported that Sp1 could transcrip-

tionally activate Ki-67 and Ki-67 promoter is hypo-

methylated in cancer cells.28,29 However, it is unclear

that how the methylation status of Ki-67 promoter

affects its transcriptional activation by Sp1.

In our study, we verified that low expression of MBD2

responsible for transcriptional repression in DNA methy-

lation modification could promote Sp1 binding to Ki-67

promoter in MKN45 cells, resulting in the Ki-67 amplifi-

cation. Interestingly, the binding of Sp1 to Ki-67 promoter

maintained the hypomethylation of Ki-67 promoter in

MKN45 cells, which might be mediated by the retardation

of DNMT1 binding to Ki-67 promoter and the inhibition

of interaction between p300 and Ki-67 promoter. We

found that higher mRNA levels of Sp1 and Ki-67 were

all associated with poor clinical outcomes via excavating

online bioinformatics datasets. Our finding provided a

profound understanding of the mechanisms of Ki-67 over-

expression from the modulation of genetic epigenetics of

cancer.

Materials And Methods
Cell Culture
The normal human HK-2 cells and gastric cancer

MKN45 cells were all obtained from the Cell Bank,

China Academy of Sciences (Shanghai, People’s

Republic of China). MKN45 cells were cultured in

RPMI 1640 medium (Gibco, Grand Island, NY, USA)

supplemented with 10% fetal bovine serum (FBS,

Gibco). HK-2 cells were cultured in DMEM (Gibco)

supplemented with 10% FBS. All cells were cultured

at 37°C with 5% CO2.

Transfection
The plasmids of humanMBD2, p300 and respective negative

controls (Vector) were constructed and purchased from

Ibsbio Company (Shanghai, People’s Republic of China),

the small interfering RNA of MBD2 (siMBD2) and p300

(sip300) and respective negative controls (siCtrl) were con-

structed from Genepharma Company (Shanghai, People’s

Republic of China). All plasmids were transfected by

X-tremeGENE HP DNA Transfection Reagent (Roche,

Indianapolis, IN, USA), and siRNAs were transfected by

siLentFect™ Lipid Reagent (Bio-Rad, Hercules, CA, USA).

Methylated Specific-PCR (MS-PCR)
Genomic DNA from cells were extracted with TIANamp

Genomic DNA Kit (Tiangen Biotech, Beijing, People’s

Republic of China) and converted by bisulfite with EpiTect

Bisulfite Kit (Qiagen, Duesseldorf, Germany). MS-PCR was

performed using a methylation-specific kit (Tiangen Biotech)

on purified DNAwith methylated primers and unmethylated

primers according to the manufacturer’s instruction. The

resultant products were visualized by agarose gel electro-

phoresis with GelRed (Vicmed, Xuzhou, People’s Republic

of China). All experiments were performed in triplicate.

Chromatin Immunoprecipitation (ChIP)
HK-2 andMKN45 cellswere cross-linked by incubation in 1%

formaldehyde-containing medium for 10 mins at 37°C, and

sonicated to soluble chromatin. Sp1 antibody (Abcam,

Cambridge, MA, USA), MBD2 antibody (Abcam), MeCP2

antibody (Abcam), MBD3 antibody (Abcam), p300 antibody

(Abcam), Di-acetyl H3 antibody (Abcam) and Tetra-acetyl H4

antibody (Abcam) were used to precipitate DNA fragments

bound by the corresponding elements. The protein-DNA com-

plexwas collected using proteinASepharose beads (Millipore,

Darmstadt, Germany) followed by the processes of elution and

reverse crosslink. After protease K treatment (Millipore), sam-

ples were extracted with phenol/chloroform and precipitated

with ethanol. Recovered DNAwas resuspended in TE buffer

(Millipore) and amplified by PCR. Primers designed for the

gene promoter of Ki-67 were as follows: forward 5′-

ATGCGTGAGTGGCTCGCCC-3′, reverse 5′-ATGCGTGA

GTGGCTCGCCC-3′ (Ibsbio).

Quantitative Real-Time PCR (qRT-PCR)
Total RNA was extracted by Trizol Reagent (Thermo

Fisher, Shanghai, People’s Republic of China). PCR was

performed using 2× Taq PCR MasterMix (Tiangen
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Biotech). PCR was initiated by incubating the samples at

95°C for 3 mins, followed by 30 cycles of 30 s denatura-

tion at 94°C, 30 s annealing at 55°C and 2 mins elongation

at 72°C, and followed with agarose gel electrophoresis.

Samples were analyzed by electrophoresis on 2% (w/v)

agarose gels containing 0.01% nucleic acid staining solu-

tion VicGelRed (Vicmed).

Western Blot Analysis And Co-

Immunoprecipitation (Co-IP)
Total protein was extracted using RIPA lysis buffer

(Beyotime, Shanghai, People’s Republic of China) and quan-

tified by Enhanced BCA Protein Assay Kit (Beyotime).

Sample proteins were resolved in a SDS-PAGE loading

buffer. Equivalent protein from each sample was separated

by SDS-PAGE electrophoresis and transferred to nitrocellu-

lose blotting membranes (Pall Corporation, Mexico). Then,

the membranes were blocked and incubated with specific

primary antibodies: Sp1 (Abcam), p300 (Abcam), Ki-67

(Abcam), β-Actin (ZSGB-BIO, Beijing, People’s Republic

of China) for overnight at 4°C. The membranes were incu-

bated with horseradish peroxidase (HRP)-conjugated sec-

ondary antibodies (Vicmed) for 2 hrs. Protein bands were

determined using the TanonTM High-sig ECL Western Blot

Substrate (Tanon, Shanghai, People’s Republic of China) and

analyzed by Image analysis software (Tanon). For Co-IP,

protease inhibitor cocktail (Sigma Aldrich, MO, USA) was

added in the cell lysates. Then, cell lysates for IP were

incubated with corresponding antibodies overnight at 4°C.

Subsequently, protein A/G beads (Santa Cruz, Shanghai,

People’s Republic of China) were added, and the cell lysates

were mixed by rotation. Finally, immunoprecipitated pro-

teins were detected by SDS-PAGE as performed before.

Bioinformatics Analysis
GEPIA (Gene Expression Profiling Interactive Analysis)

is an online application database/tool based on the

Cancer Genome Atlas (TCGA) and the Genotype-

Tissue Expression (GTEx) databases (http://gepia.can

cer-pku.cn/index.html). We used GEPIA tool to detect

the ki-67 expression in a body map and tumor samples

and paired normal samples and correlations. The copy

number variation of Ki-67 mRNA in cancer cell lines

was assembled using the online dataset: Broad Institute

Cancer Cell Line Encyclopedia (CCLE) (https://portals.

broadinstitute.org/ccle). The online survival analysis was

conducted using the data from Kaplan–Meier Plotter

(http://kmplot.com/analysis/).

Statistical Analysis
Statistical analysis was performed by SPSS v.16.0 software

and images were acquired with GraphPad Prism 5 Software

(Version 5.01). Data are represented as the mean±SD. The

between-group differences were evaluated using Student’s

t-test analysis, corrections of gene expression were ana-

lyzed using Pearson method, survival analysis was per-

formed by log-rank test using Kaplan–Meier method, with

P<0.05 defined as statistically significant.

Results
The Effects Of Methylation Status Of Ki-

67 Promoter On DNA-Binding Capacity

Of Sp1 In MKN45 Cells
In order to investigate the methylation status of Ki-67

promoter in MKN45 cells, we applied MS-PCR experi-

ments. The results revealed that Ki-67 promoter was hypo-

methylated in MKN45 cells compared with HK-2 cells

(Figure 1A, P<0.01). Sp1 is a DNA-binding protein that

specifically binds to the GC/GT-rich sequences of promo-

ter, and this binding capacity is closely related to the

methylation of CpG dinucleotides.30–32 We conducted

ChIP to examine the capacity of Sp1 binding to Ki-67

promoter in cancer and normal human cells, respectively.

The results showed that Sp1 binding to Ki-67 promoter

was significantly enhanced in MKN45 cells compared

with HK-2 cells (Figure 1B, P<0.001). These data sug-

gested that hypomethylation of Ki-67 promoter enhanced

the DNA-binding capacity of Sp1 in MKN45 cells.

MBD2 Inhibits Sp1 Binding To Ki-67

Promoter And Reduces Ki-67 Expression
MBDs specifically recognize and combine the methylated

promoter region, then recruit proteins and transcription inhi-

bitors to form barrier complexes, causing modification of

chromatin structure and inhibiting gene transcription.12,33

To assess whether MBDs participate in modulating Ki-67

expression, we chose three kinds of MBD family protein,

MeCP2, MBD2 and MBD3 that have been proved to work

critical functions in methylation-dependent transcriptional

repression.12 ChIP results showed that only MBD2 could

bind to methylated Ki-67 promoter in HK-2 cells

(Figure 2A). In comparison with HK-2 cells, MKN45 cells

possessed a lower level of MBD2 binding to methylated Ki-
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Figure 1 The effects of methylation status of Ki-67 promoter on DNA-binding capacity of Sp1 in MKN45 and HK-2 cells. (A) MS-PCR analysis of the methylation level of Ki-

67 promoter in MKN45 and HK-2 cells. M represents the methylated promoter and U represents the unmethylated promoter. (B) ChIP assays were used to detect the

binding of Sp1 to Ki-67 promoter in MKN45 and HK-2 cells. **P<0.01; ***P<0.001.

Figure 2 MBD2 reduces Ki-67 expression via inhibition of Sp1 binding to Ki-67 promoter. (A) MeCP2, MBD2 and MBD3 proteins binding to the methylated Ki-67 promoter

were analyzed through ChIP assays in MKN45 cells. (B) The binding ability of MBD2 to methylated Ki-67 promoter was determined by ChIP assays in MKN45 and HK-2

cells. (C) qRT-PCR results of Ki-67 mRNA level after the overexpression and knock-down of MBD2 gene in HK-2 cells. (D) ChIP assays analyzed the effects of

overexpression and knock-down of MBD2 on Sp1 binding to Ki-67 promoter. (E) Correlation statistic between Sp1 and Ki-67 (MKI67) in gastric cancer samples was

performed using GEPIA web tool. **P<0.01; ***P<0.001.
Abbreviations: MBD, methylated CpG-binding protein; TPM, transcripts per million; Ki-67, MKI67; siMBD2, small interfering RNA of MBD2; siCtrl, small interfering RNA

of negative control.
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67 promoter (Figure 2B, P<0.001), which matched

Figure 1A and showed indirectly that MKN45 cells con-

tained more unmethylated CpG islands in Ki-67 promoter.

Ki-67 mRNA decreased after MBD2 was overexpressed and

increased after MBD2 was silenced by qRT-PCR (Figure 2C,

P<0.01). MBD2-involved transcriptional repression via

methylation-dependent manner is responsible for transcrip-

tional regulation of Ki-67 gene. Sp1 binding to Ki-67 pro-

moter decreased after MBD2 overexpression and vice versa

(Figure 2D, P<0.001). The correction between Sp1 and Ki-

67 in gastric cancer was analyzed by GEPIA tool, Ki-67

expression was positively correlated with Sp1 level

(Figure 2E, R=0.47, P<0.001). These indicated that MBD2

could reduce Ki-67 expression through inhibiting Sp1 bind-

ing to Ki-67 promoter.

The Binding Of DNMT1 And P300 To Ki-

67 Promoter
We confirmed that hypomethylated Ki-67 promoter could

induce the binding of Sp1 to Ki-67 promoter in MKN45

cells. Previous studies validated that Sp1 binding to promoter

prevents DNMTs characterized by catalyzing methylation

modification from binding to DNA promoter, thus protecting

CpG islands from methylation.17 Sp1 can recruit histone acet-

yltransferase p300 to trigger histone acetylation in promoter

region and then indirectly induce DNA demethylation.19 Next,

ChIP was applied to detect the differences of binding ability of

DNMT1 and p300 to Ki-67 promoter in HK-2 and MKN45

cells. Less DNMT1 bound to the Ki-67 promoter in MKN45

cells (Figure 3A, P < 0.001). Meanwhile, the binding ability of

p300 to Ki-67 promoter was enhanced in MKN45 cells

(Figure 3B, P<0.01).

Sp1 Recruits P300 To Inhibit The

Methylation Of Ki-67 Promoter
We used p300 antibody to immunoprecipitate Sp1 or Sp1

antibody to immunoprecipitate p300, the bands from Co-IP

experiments were blotted (Figure 4A). To explore the

effects of p300 on histone acetylation and DNAmethylation

in the Ki-67 promoter, we overexpressed and silenced p300

to detect the levels of acetylated histones (Di-acetyl H3 and

Tetra-acetyl H4) binding to Ki-67 promoter and the methy-

lation status of Ki-67 promoter in MKN45 cells.

Upregulated p300 increased the levels of Di-acetyl H3 and

Tetra-acetyl H4 binding to Ki-67 promoter, and downregu-

lated p300 attenuated the combination (Figure 4B and C,

P<0.05). p300 overexpression inhibited the methylation

level of Ki-67 promoter and p300 depletion contributed to

methylation (Figure 4D and E, P<0.01). Additionally, Ki-67

expression was positively correlated with the p300 level

(Figure 4F and G, P<0.01), and GEPIA tool showed the

positive correlation (Figure 4H, R=0.49, P<0.001). Taken

together, Sp1 recruited p300 to promoter Ki-67, somehow

driving CpG-demethylation of Ki-67 promoter and subse-

quently upregulating Ki-67 expression.

Downregulated Sp1 Promotes The

Methylation Of Ki-67 Promoter
We investigated the role of Sp1 in the promoter methylation

of Ki-67 and verified that Sp1 depletion suppressed its bind-

ing to the Ki-67 promoter (Figure 5A, P<0.05). Furthermore,

Figure 3 The binding of DNMT1 and p300 to Ki-67 promoter. DNMT1 (A) and p300 (B) bound to Ki-67 promoter were determined by ChIP in MKN45 and HK-2 cells.

**P<0.01; ***P<0.001.
Abbreviation: DNMT1, DNA methyltransferase 1.
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knockdown of Sp1 could increase the DNMT1 binding to the

Ki-67 promoter and attenuate the p300 binding to the Ki-67

promoter (Figure 5B and C, P<0.05). DNMT1 facilitates

DNA methylation through binding and interacting with the

promoter of target genes.17,18 MS-PCR results showed that

knockdown of Sp1 possessed deeper methylated blots and

weaker unmethylated blots (Figure 5D, P<0.01). Therefore,

it implicated that Sp1 could inhibit promoter methylation in

MKN45 cells.

Sp1 And Ki-67 Expression And Its Clinical

Outcomes In Gastric Cancer
We discussed above the reciprocal roles of DNA methyla-

tion and Sp1 binding in Ki-67 gene transcription. Sp1-

mediated hypomethylation of Ki-67 promoter contributed

to Ki-67 transcription and expression in cancer. Ki-67 is a

nuclear antigen closely related to cell mitosis, which can

only be detected in the nucleus of proliferating cells with-

out histological specificity, objectively reflects the growth

and proliferation characteristics of tumors.5,10 Ki-67, a

relatively reliable detection factor in tumors, is associated

with the occurrence, development and prognosis of

tumors. Simultaneously, Sp1 could enhance Ki-67 expres-

sion. Therefore, we further explored the expression of Sp1

and Ki-67 in cancer tissues through bioinformatics analy-

sis. The GEPIA database showed the expression profiles

and distributions of Sp1 and Ki-67 in tumor (red) and

normal (green) samples in body map (Figure 6A and B),

when malignant tumors occur, mRNA levels of Ki-67 in

human tissues increased significantly. Ki-67 expressions

were extensively higher in tumor samples compared with

paired normal samples in Bar plot (Figure 6D); however,

expression patterns of Sp1 were relatively steady among

these tumors (Figure 6C). The copy number variation of

Figure 4 p300 affects the methylation of Ki-67 promoter. (A) Co-IP experiments were used to analyze the protein binding of p300 and Sp1 in MKN45 cells. (B and C) The

effects of overexpression and knock-down of p300 on the binding of Di-acetyl H3 and Tetra-acetyl H4 to Ki-67 promoter. (D and E) MS-PCR was used to detect the

methylation of Ki-67 promoter in MKN45 cells after the overexpression and knock-down of p300. M represents the methylated promoter and U represents the

unmethylated promoter. (F and G) Western blot of the expressions of p300 and ki-67 in MKN45 cells after the overexpression and knock-down of p300. (H)

Correlation statistic between p300 (EP300) and Ki-67 (MKI67) in gastric cancer samples was performed using GEPIA web tool. TPM, transcripts per million. *P<0.05;
**P<0.01; ***P<0.001.
Abbreviations: H3, Di-acetyl H3; H4, Tetra-acetyl H4; p300, EP300; MKI67, Ki-67; sip300, small interfering RNA of p300; siCtrl, small interfering RNA of negative control.
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Sp1 and Ki-67 mRNA was displayed in various human

tumor cell lines through assembling the online CCLE

database (Figure 6E and F).

We next investigated the clinical significance and prog-

nostic value of Sp1 and Ki-67 using online survival ana-

lysis (Kaplan–Meier Plotter) and chose gastric cancer as

the research object. The mRNA levels of Sp1 and Ki-67 in

tumor tissues were higher than that in normal tissues

(Figure 7A and B, P<0.05). Sp1 and Ki-67 overexpression

decreased the overall survival (OS), first progression (FP)

and post-progression survival (PPS) in patients with gas-

tric cancer (Figure 7C–E, P<0.05). The overexpression of

Sp1 and Ki-67 might serve as predictors indicating the

poor clinical outcomes of cancer patients.

Discussion
DNA methylation basically inhibits transcription and reg-

ulates gene expression negatively,5,10 hypomethylation

status promotes the binding of transcription factors to pro-

moters and facilitates gene expression. According to our

previous studies, the promoter of Ki-67 is hypomethylated

in different kinds of cancer cells.29 Therefore, we conjec-

tured that hypomethylation status of Ki-67 promoter might

promote the binding of transcription factors to Ki-67 pro-

moter, thus increasing Ki-67 expression and producing

potential biological effects. As a highly regulated transcrip-

tion factor, Sp1 refers to regulate numerous gene expression

that contributes to the “hallmarks of cancer”, and is

involved in cell proliferation, differentiation, DNA damage

response, apoptosis, senescence and angiogenesis.26,27,34,35

Ki-67 indispensable for cell proliferation is only present in

active phases of cell cycle, but not in quiescent phase.35

Although an extensive knowledge of Ki-67 structure has

been achieved,36,37 research on its biological function is

limited. We have reported previously that Sp1 is a transcrip-

tional activator of Ki-67.28,29 We intended to explore the

Figure 5 Downregulated Sp1 promotes the methylation of Ki-67 promoter. The effects of Sp1 downregulation on the binding of Sp1 (A), p300 (B) and DNMT1 (C) to Ki-

67 promoter in MKN45 cells by ChIP assays. (D) The methylation level of Ki-67 promoter was determined by MS-PCR after Sp1 downregulation in MKN45 cells. M

represents the methylated promoter and U represents the unmethylated promoter. Data are shown as mean±SD for three independent experiments. *P<0.05; **P<0.01;
***P<0.001.
Abbreviations: DNMT1, DNA methyltransferase 1; siSp1, small interfering RNA of Sp1; siCtrl, small interfering RNA of negative control.
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relationships between the methylation status of gene pro-

moter and the binding of Sp1 to Ki-67 promoter.

In this study, we found that Ki-67 promoter was indeed

hypomethylated in cancer cells, and the ability of Sp1

binding to Ki-67 promoter was enhanced in MKN45 cells.

Therefore, we speculated that there might be some certain

correlations between methylation status and transcriptional

regulation. DNA methylation could interfere with gene

transcription by changing the binding of transcription fac-

tors to DNA. Additionally, the binding of MBDs to methy-

lated DNA impedes transcription factors binding to gene

promoter and simultaneously recruits other transcriptional

Figure 6 The expression difference of Sp1 and Ki-67 mRNA in body map and tumor tissues and cell lines. The median expression of Sp1 (A) and Ki-67 (B) mRNA in tumor

(red) and normal (green) samples in a body map. Sp1 (C) and Ki-67 (D) expression in different types of tumors and paired normal tissues. Sp1 (E) and Ki-67 (F) expression
in different types of tumor cell lines (CCLE website).

Abbreviation: TPM, transcripts per million.
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repression complexes, leading to gene silencing.2,10 We

reviewed relevant literature and found three genes

(MeCP2, MBD2 and MBD3) closely related to gene silen-

cing in a methylation-dependent manner.12,13,38 Only

MBD2 was able to bind to methylated Ki-67 promoter,

and the binding ability was less in MKN45 cells than in

HK-2 cells. Furthermore, MBD2 could restrain the ability

of Sp1 binding to Ki-67 promoter, thus suppressing Ki-67

expression. Our data revealed that high methylation status

stably restricted the binding ability of Sp1 to Ki-67

promoter.

Sp1 competes with DNMT1 for binding to Ki-67 pro-

moter, thereby shielding the CpG islands against being

methylated.17,18 Sp1 recruits histone acetyltransferase

p300, which triggers acetylation of histones in the promo-

ter to motivate DNA demethylation.19–21 Thus, we specu-

lated that the binding of Sp1 to Ki-67 promoter might

affect its hypomethylation, and possible mechanisms

responsible for those might be deciphered by the interac-

tions between DNMT1 and p300 proteins and Ki-67

promoter.

We detected the differences of DNMT1 binding to Ki-67

promoter in MKN45 and HK-2 cells. Our findings showed

that less DNMT1 bound to the Ki-67 promoter in MKN45

cells than in HK-2 cells. As DNMT1 is a significant mediator

in the process of DNA methylation, the Ki-67 promoter was

hypomethylated in MKN45 cells, which was consistent with

previous reports.39,40 Meanwhile, Sp1 and p300 tended to

bind to Ki-67 promoter in MKN45 cells. On the other hand,

we demonstrated that Sp1 recruited p300 to the Ki-67 pro-

moter. p300, a member of the histone acetyltransferase

family of transcriptional coactivators, functions in the tran-

scription process and catalyzes histone acetylation, thus

inducing DNA demethylation.41–43 Next, we discussed the

effects of p300 on histone acetylation and DNA methylation

in Ki-67 promoter. Acetylated histone proteins (Di-acetyl H3

and Tetra-acetyl H4) bound to the Ki-67 promoter to increase

Ki-67 expression after p300 overexpression. Additionally,

the methylation level of Ki-67 promoter reduced after p300

overexpression. We silenced p300 to find that Di-acetyl H3

and Tetra-acetyl H4 binding to the Ki-67 promoter was

attenuated and methylation level of Ki-67 promoter was

increased. p300 negatively regulated Ki-67 expression. We

also evaluated the effects of downregulated Sp1 on the

methylation of Ki-67 promoter. Sp1 silencing weakened the

binding ability of Sp1 to Ki-67 promoter, which was accom-

panied by the decrease of p300 binding to Ki-67 promoter

and the increase of DNMT1 binding to the Ki-67 promoter.

Figure 7 Sp1 and Ki-67 expression and survival prognosis in gastric cancer. Sp1 (A) and Ki-67 (B) expression between tumor samples and normal gastric samples from the

GEPIA. High expression of Sp1 and Ki-67 was negatively associated with the OS (C), FP (D) and PPS (E) in gastric cancer patients. Affymetrix ID (Sp1): 1553685_s_at;

Affymetrix ID (Ki-67): 212023_s_at. *P<0.05.
Abbreviations: STAD, stomach adenocarcinoma; OS, overall survival; PPS, post-progression survival; FP, first progression.
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Inhibiting Sp1 contributed to the upregulation of methylation

level of Ki-67 promoter.

Additionally, we extracted Sp1 and Ki-67-involved

information from biological databases to determine the

Sp1 and Ki-67 expression patterns, prognostic value and

clinical relevance. Ki-67 expression was exclusively

amplified in many solid tumor tissues and cells. Sp1, as

a transcriptional activator of Ki-67 gene, also enforced

expression in tumor. Online Kaplan–Meier Plotter data-

base indicated that Sp1 and Ki-67 were associated with the

worse OS, FP and PPS in patients with gastric cancer, and

both can be proposed as potential prognosis factors.

Methylation-associated regulations are becoming a

breakthrough point for chemotherapy and radiotherapy.

Forwardly interfering with the hypomethylation of Ki-67

promoter might reverse the Ki-67 amplification-associated

carcinogenesis and tumor progression. The positive feed-

back mechanisms between Sp1 binding Ki-67 promoter

and methylation status of CpG islands provide more pos-

sibilities for treatment in cancer with ectopic alterations of

Ki-67 expression. Meanwhile, monitoring Sp1 and Ki-67

levels can contribute to cancer detection and prognosis

prediction. However, the co-expression and clinical rele-

vance and of Sp1 and Ki-67 required further studies in

solid cancer samples.

Conclusion
Taken together, our findings validated that hypomethylation

status of the Ki-67 promoter could enhance the ability of

Sp1 binding to its promoter in cancer cells, activating Ki-67

transcription. Conversely, Sp1 binding to Ki-67 promoter

could contribute to maintain its hypomethylation in cancer

cells. Sp1 and Ki-67 might serve as effective markers of

prognosis and therapeutic target in cancer. Our findings

provided insights into the effects of DNAmethylation status

on the interaction between Sp1 and Ki-67 expression, could

better understand the causes of overexpression of Ki-67 in

cancer and its transcription regulation mechanisms from the

perspective of epigenetics, and provide more theoretical

basis for the application of Ki-67 in clinical work.
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